Abstract -Here we analyze guided wave propagation in a parallel-plate waveguide filled with a pair of parallel lossless slabs; one possessing negative real permittivity but positive real permeability, and the other with negative real permeability and positive real permittivity, in the range of frequency of interest. It is shown that such a waveguide can support only a single propagating mode, essentially independent of the total thickness of this structure. Furthermore, this waveguide can still possess a propagating mode even when its thickness is very small. Field distribution and dispersion relations in such a mono-modal waveguide are obtained and discussed with physical insights and intuitive description fur the mathematical findings.
I. INTRODUCTION
The electromagnetics of complex media has been the subject of interest for many researchers in the past several decades. In recent years, the topic of metamaterials, i.e., artificial materials synthesized by embedding specific inclusions in host media, has increasingly received a renewed attention due to the interest in man-made complex materials that may possess negative real permittivity and permeability in a certain range of frequency. In 1967, Veselago postulated theoretically a material in which both permittivity and permeability were assumed to have negative real values, and he analyzed plane wave propagation in such a medium, which he called "left-handed (LH)" medium [l]. According to his analysis, in such a "double-negative (DNG) As a further contribution in this topic, here we present the results of our theoretical analysis on possibility of achieving mono-modal propagation in an arbitrarily thick parallel-plate waveguide containing an ENG-MNG parallel bilayered stack. We also show that such a guidedwave structwe has no cut-off thickness.
As an aside, it is important to note that passive metamaterials with negative permittivity or negative permeability are inherently dispersive. So although E or p of such media can be negative at a certain band of frequency, these parameters do vary with frequency. Thus in general one should take into account the frequency dependence of such material parameters. However, this would be beyond the scope of the present work, where we want to emphasize the salient features of this type of waveguides without resorting to an unnecessary complexity. Therefore, for the remainder of this paper, we assume that we operate at a single frequency for which the material parameters are given and fixed.
I. GEOMETRY OFTHE ENG-h"G WAVEGUIDE
Let us consider a parallel-plate waveguide, made of two infinitely extent perfectly conducting plates separated by the distance d = 4 + d2, as shown in Fig. 1 . This waveguide is filled with two parallel slabs of metamaterials; one being a lossless ENG material ( E , < 0 , p, > 0 ) with thickness d, and the other being a lossless MNG material ( E , > 0 , p z < 0 ) with thickness d 2 . The Cartesian coordinate system (x. y, z ) is shown in Fig. 1 . Fig. 1 . Geometry of the parallel-plate waveguide filled with two parallel slabs, one being a lossless epsilon-negative (ENG) medium and the other being a lossless mu-negative (MNG) medium.
For the TE" mode excitation, the following expressions . .
for the fields can be written:
where Eo is the mode amplitude, determined by the excitation, and k, = / p with k: = W'H,E, < 0 (since p ,~, < O in ENG and MNG slabs) for i = 1 , 2 .
Satisfying the boundary conditions at the interface y = 0 , we find the following dispersion relation for the TE case:
The corresponding dispersion relation for the TM' case can be found as:
The above dispersion relations are of course general and valid for any two slabs with arbitrary complex values for the material parameters. For the case at hand where one slab is lossless ENG and the other is lossless MNG, however, our aim is to find the conditions under which we obtain real-valued solutions for the longitudinal wave number p . (In the following we refer to the TE excitation and the superscript TE is hereto after dropped.)
U. DISPERSION CHARACTERISTICS
Rewriting Eq. With proper choices of material parameters, 0 can be a real-valued quantity, and then it represents the wave number of the Zenneck wave that can exist along the interface of the two semi-infinite lossless ENG and MNG media. This can be seen in Fig. Zb Another interesting feature to note in Fig. 2 is that for Fig. 2b there is a curved line beyond which the diagram "stops". This is due to the fact that beyond this boundary, the real solution for Eq. (6) does not exist.
V. CONCLUSION
Our analysis has shown that a parallel-plate waveguide filled with a pair of parallel layers of lossless epsilonnegative and mu-negative materials may possess only a single propagating mode with essentially no restriction on the waveguide thickness. So a thick waveguide of this kind is always mono-modal, contrary to a conventional waveguide. In the limit of small thickness, this waveguide may always have a propagating mode, thus has no cut-off thickness.
Such a waveguide may find interesting applications in design of single-mode fibers with less restriction and more flexibility on the fiber thickness.
